Aims/hypothesis. Impaired insulin secretion has a strong genetic component. In this study we investigated whether the 12Glu9 polymorphism in the gene encoding the α2B-adrenergic receptor (ADRA2B) is associated with insulin secretion and/or the incidence of Type 2 diabetes in individuals with impaired glucose tolerance. Methods. We investigated a total of 506 subjects with impaired glucose tolerance participating in the Finnish Diabetes Prevention Study (DPS). Participants were randomly assigned to an intervention group or a control group. Anthropometric measurements and an oral glucose tolerance test were performed at baseline and at annual follow-up. In a subgroup of patients (n=83), a frequently sampled intravenous glucose tolerance test (FSIGT) was performed at baseline. Results. All patients had similar anthropometric measurements and insulin and glucose levels at baseline. Multiple logistic regression analysis revealed significant interaction (p=0.003) between study group and genotype across the entire study population. In the control group, subjects with the Glu9 allele had an increased risk of developing Type 2 diabetes compared with subjects with the Glu12/12 genotype (odds ratio [OR]=2.68, 95% CI 1.02-7.09, p=0.047 for Glu12/12, and OR=5.17, 95% CI 1.76-15.21, p=0.003 for Glu9/9). This increased risk was not observed in the intervention group, who showed significant weight loss during the trial. In the subgroup who underwent the FSIGT, subjects with the Glu9/9 genotype showed the lowest acute insulin response (p=0.005 for trend). Conclusions/interpretation. The 12Glu9 polymorphism of ADRA2B is associated with impaired firstphase insulin secretion and may predict the development of Type 2 diabetes in subjects with impaired glucose tolerance who are not subjected to a lifestyle intervention.
Introduction
Environmental factors, such as diet and sedentary lifestyle, contribute to the pathogenesis of Type 2 diabetes. However, the disease also has a strong genetic fat mass [19] , although an association with basal metabolic rate could not be replicated in this study.
The purpose of this study was to examine whether the 12Glu9 polymorphism of ADRA2B is associated with insulin secretion and/or the risk of Type 2 diabetes using data from the Finnish Diabetes Prevention Study (DPS).
Subjects and methods
The Finnish Diabetes Prevention Study. The DPS is a longitudinal intervention study being carried out in five research clinics. The objective of the DPS was to assess the effect of lifestyle intervention on diabetes risk in overweight, middleaged subjects with impaired glucose tolerance. The inclusion and exclusion criteria, design, intervention programme and main results of the DPS have been described earlier in detail [20, 21] . In brief, a total of 522 overweight subjects (BMI 31.1±4.6 kg/m 2 ) with impaired glucose tolerance were randomly allocated into one of two groups: a lifestyle and diet intervention group or a control group. Randomisation was stratified according to the clinic attended, sex and mean plasma glucose concentration 2 h after oral glucose load (7.8-9.4 or 9.5-11.0 mmol/l). Subjects in the intervention group were given individually tailored dietary advice and were instructed to increase their physical activity. Dietary guidance was aimed towards reducing body weight by 5 to 10%, reducing both total and saturated fat intake and increasing dietary fibre intake. The control group received general information on the benefits of a healthy diet, physical activity and weight reduction. All participants gave written informed consent, and the study protocol was approved by the ethics committee of the National Public Health Institute in Helsinki, Finland.
Medical examinations and anthropometric measurements.
A medical history was taken and a physical examination was performed at baseline and at each annual follow-up visit. BMI was calculated as: weight (kg)/(height [m]) 2 . Waist circumference was measured midway between the lowest rib and iliac crest. Measurements recorded at baseline and 3-year examination were used in the present study. The cumulative incidence of Type 2 diabetes was calculated after a mean follow-up period of 3.2 years [20] .
Assessment of glucose and insulin metabolism.
A 2-h oral glucose tolerance test was performed at baseline and annually. Plasma glucose and insulin levels were measured before (0 min) and 120 min after a glucose dose of 75 g. Plasma glucose was measured locally by standard methods and the measurements were standardised by the central laboratory in Helsinki as previously described [20] . Serum insulin was measured by RIA (Phadaseph Insulin RIA 100, Pharmacia Diagnostica, Uppsala, Sweden). The intra-assay coefficient of variation was 5.3% and the interassay coefficient of variation was 7.6%. The diagnosis of diabetes and other categories of glucose intolerance were based on the criteria adopted by the World Health Organization in 1985 [22] . Accordingly, impaired glucose tolerance was defined as a 2-h plasma glucose concentration within the range of 7.8 to 11.0 mmol/l and a fasting plasma glucose concentration of less than 7.8 mmol/l. The diagnosis of impaired glucose tolerance was based on the mean value of two oral glucose tolerance tests. The diagnosis of diabetes (fasting plasma glucose ≥7.8 mmol/l or 2-h plasma glucose ≥11.0 mmol/l) was confirmed by a second oral glucose component [1, 2] . The genetic basis of Type 2 diabetes is polygenic, heterogeneous and still largely unknown [1] . Pathophysiologically, individuals with Type 2 diabetes exhibit two major metabolic defects: insulin resistance and failure of the pancreatic beta cells to increase their insulin secretion to compensate for the insulin resistance [1] . Both of these defects occur early in the development of Type 2 diabetes, but due to the heterogeneous nature of the disease their importance varies between individuals [2] . Although insulin resistance has long been considered to be a characteristic feature of Type 2 diabetes [3] , impaired beta cell function is now also recognised as an early and critical component of the disease, resulting in impaired glucose metabolism [4] . Some studies even suggest that impaired beta cell function could precede insulin resistance when confounding factors such as age, sex and obesity are taken into consideration [2] . A high heritability has been demonstrated for beta cell function and insulin secretion [5] , but the underlying genetic defects have not yet been elucidated in detail, except for monogenic cases of MODY [1, 2] .
The catecholamines adrenaline and noradrenaline mediate many physiological effects in various tissues by binding to distinct adrenergic receptors (AR). Three human α2-adrenergic receptor (α2-AR) subtypes have been identified (α2A-, α2B-and α2C-AR) that are encoded by three distinct genes located on chromosomes 10, 2 and 4 respectively [6, 7, 8] . The α2-ARs mediate a wide variety of functions, including regulation of blood pressure, sympathetic tone, lipolysis and insulin secretion [9, 10] . The specific functions of each subtype are not fully understood at present. However, it seems likely that many of the biological functions of the α2-ARs are mediated by more than one α2-AR subtype [10] . The α2-AR subtypes are widely distributed in human tissues and display subtype-specific expression in some of them [11] . All three α2-AR subtypes are expressed in human pancreas in both exocrine and endocrine cells, including the beta cells [12] .
Human α2B-AR is encoded by ADRA2B located on chromosome 2 [6] . A polymorphism (12Glu9) leading to the deletion/insertion of three glutamic acid residues from an acidic stretch of 16 amino acids in the third intracellular loop has been described [13] . This polymorphism has a pronounced effect on receptor phosphorylation and results in the loss of agonistpromoted desensitisation [14] . It has been found to be associated with: (i) a reduced basal metabolic rate in obese subjects [13] ; (ii) increased body weight among non-diabetic subjects [15] ; (iii) an increased risk of acute coronary events [16] ; (iv) impaired flow-mediated dilation of the brachial artery [16, 17] ; and (v) increased sympathetic nervous system activity [18] . In addition, the 12Glu9 polymorphism has shown an interactive effect with a β3-AR gene polymorphism on tolerance test. The homeostasis model assessment for insulin resistance was calculated using the following formula: fasting plasma glucose (mol/l)×fasting serum insulin (µU/l)/22.5.
In the Kuopio clinic, the frequently sampled insulin-modified intravenous glucose tolerance test (FSIGT) was performed at baseline as previously described [23] . In total, 87 subjects participated in the FSIGT [24] , and those with an available DNA sample (n=83) were included in this study. First, two i.v. catheters were inserted into the antecubital veins on both arms and the fasting samples were drawn. An i.v. dose of 300 mg/kg of glucose was given as a 50% solution over 1.5 min, followed by 10 ml of a 0.9% NaCl solution. A 0.9% NaCl solution was then slowly infused until, 20 min after the glucose load, a 0.03-U/kg bolus of insulin was rapidly injected, after which NaCl infusion was continued for another 1.5 min. Venous blood samples were collected before the glucose load (−5 min and 0 min) and 23 times after the glucose load (at 2, 4, 6, 8, 10, 12, 14, 16, 19, 22, 24, 27, 30, 40, 50, 60, 70, 90 , 100, 120, 140, 160 and 180 min). Plasma glucose concentration was analysed by a glucose oxidase method (Glucose Auto & Stat, Model GA-110, Daiichi, Kyoto, Japan). The intra-assay coefficient of variation was 1.2 to 2% over the concentration range of 5.5 to 22.9 mmol/l, and the interassay coefficient of variation was 1.7 to 1.8% over the concentration range of 5.1 to 15.3 mmol/l. Plasma insulin was analysed by RIA (Phadaseph Insulin RIA 100), for which the intra-assay coefficient of variation was 7.7% and the interassay coefficient of variation over the 15 to 114-mU/l range was 9.2 to 10.0%. Glucose effectiveness (S G ) and insulin sensitivity index (S I ) were calculated with the MINMOD program [25] . The acute insulin response (AIR) was determined by calculating the area under the curve above the baseline level from 0 to 10 min after the glucose load. The disposition index (DI) was calculated as the product of AIR and S I [26] .
Genotyping. DNA was available for 506 subjects. The 12Glu9 polymorphism of the ADRA2B gene was analysed by PCR and gel electrophoresis as previously described [15] . The following primers were used for PCR amplification: forward 5′-AGGGT-GTTTGTGGGGCATCTCC-3′, and reverse 5′-CAAGCTGAG-GCCGGAGACACTG-3′ (OliGold, Eurogentec, Seraing, Belgium). PCR products were separated according to size (long allele 112 bp and short allele 103 bp) by gel electrophoresis using a 3% agarose gel (NuSieve GTG, BioWhittaker Molecular Applications, Rockland, Me., USA).
Statistical methods. The significance of differences in genotype frequencies were analysed using the two-tailed Fisher's exact test in StatXact-4 program version 4.0.1 (Cytel Software Corporation, Cambridge, Mass., USA). The Hardy-Weinberg equilibrium was tested by the chi square test. Otherwise the data were analysed using SPSS for Windows, Release 11.0.1. (SPSS, Chicago, Ill., USA). Data are presented as means ± SD or as medians + interquartile range. A p value of less than 0.05 was considered significant. Normal distribution was tested with the Kolmogorov-Smirnov (Lilliefors) test, and logarithmic transformation was used to achieve normal distribution when needed. The differences in continuous variables between genotypes were evaluated with the univariate ANOVA, general linear model. Adjustments for age, sex and BMI were used when appropriate. For variables whose distribution was not normal even after logarithmic transformation, the KruskalWallis test was used to evaluate statistical differences between genotypes. To explore the relationship between insulin secretion and insulin sensitivity for each genotype, an exponential curve was fitted and the coefficients of determination were calculated. The significance of differences in the incidence of diabetes between genotypes was analysed by the chi square test. Logistic regression analysis was used to assess whether the Glu9 allele predicted the development of Type 2 diabetes. In logistic regression models, the genotypes were coded as 0 = Glu12/12, 1 = Glu12/9 and 2 = Glu9/9; sex was encoded as 0 = men, 1 = women; and study groups were coded as 0 = control group, 1 = intervention group. In logistic regression and diabetes incidence analyses, the number of subjects used was either 478 (due to 28 drop-outs during study period) or 476 (due to additional missing baseline waist circumference data for two subjects).
Results
Genotype frequency. In the DPS study population as a whole, frequencies of the genotypes of the 12Glu9 polymorphism in ADRA2B were: Glu12/12 28.7%, Glu12/9 50.8% and Glu9/9 20.6%. The genotype frequencies were in Hardy-Weinberg equilibrium and did not differ significantly between the intervention and the control group.
Anthropometric and biochemical data. At baseline, there were no significant differences between genotypes with respect to age, sex, anthropometric measurements, plasma glucose or serum insulin levels (Table 1 ). Changes in weight or waist circumference from baseline to Year 3 examination did not differ between genotypes in either study group (data not shown). Due to the successful intervention programme, the changes in weight and waist circumference were significantly greater in the intervention group than in the control group (p<0.001 for both, data not shown).
The incidence of Type 2 diabetes according to ADRA2B genotype. During the mean follow-up period of 3.2 years, 72 subjects with available genotype data developed Type 2 diabetes (21 in the intervention group and 51 in the control group).
The relationship between the 12Glu9 polymorphism and the incidence of diabetes was analysed using logistic regression (Table 2 ). This revealed significant interaction between ADRA2B genotype and study group (p=0.003) and nearly significant interaction between the genotype and waist circumference measured at baseline (p=0.052).
Logistic regression analysis was applied separately to the control and intervention groups ( (Table 3 ). In the intervention group, the Glu9/9 genotype was associated with a lower risk of Type 2 diabetes (OR=0.09, 95% CI 0.01-0.99, p=0.049) than in the control group, and only one subject with this genotype developed Type 2 diabetes in this group. Table 4 shows the crude numbers and percentages of subjects who developed Type 2 diabetes according to genotype in the DPS group as a whole and in the two study groups. In line with the above data, the inci- Age and sex were controlled in these models. Sex was encoded as 0 = men and 1 = women. a Genotype Glu12/12 was regarded as a reference b calculated as weight (kg) baseline −weight (kg) Year 3/last measurement c measured at baseline examination d fasting plasma glucose (mmol/l) was measured at baseline examination dence of Type 2 diabetes was highest in the control group in subjects with the Glu9/9 genotype and lowest in subjects with the Glu12/12 genotype, while subjects with the Glu12/9 genotype exhibited an intermediate incidence of diabetes (p=0.014 for trend). Neither the DPS study group as a whole nor the lifestyle intervention group showed any significant differences in the incidence of diabetes with respect to genotype. Because logistic regression revealed an interaction between genotype and waist circumference, we divided all study subjects into two groups according to their waist circumference, applying a cut-off value of 88 cm for women and 102 cm for men [27] . In the high-waist-circumference group (n=352), the incidence of diabetes increased gradually with the number of Glu9 alleles (p=0.011 for trend) (Fig. 1) . Conversely, in the low-waist-circumference group (n=124), where the incidence of diabetes was low, Glu9 allele carriers had an even lower incidence of diabetes than subjects with the Glu12/12 genotype (p=0.002 for trend).
Logistic regression analysis was applied separately to low-and high-waist-circumference groups (Table 5). In the high-waist-circumference group, subjects with the Glu9/9 genotype had a 3.8-fold increased risk of diabetes (OR=3.80, 95% CI Table 4 . Numbers and percentages of subjects who developed Type 2 diabetes during a mean follow-up period of 3.2 years according to ADRA2B genotype in the entire study population and the two study groups Waist-circumference cut-off values: 88 cm for women, 102 cm for men. Age, sex and study group were controlled in these models. Sex was encoded as 0 = men and 1 = women. Study groups were encoded as 0 = intervention group and 1 = control group.
a Genotype Glu12/12 was regarded as a reference b calculated as weight (kg) baseline −weight (kg) Year 3/last measurement c fasting plasma glucose (mmol/l) was measured at baseline examination Table 5) .
Insulin secretion and insulin sensitivity. The baseline characteristics of the subgroup that underwent the FSIGT at the Kuopio clinic are shown in Table 1 . The results of the FSIGT performed at baseline are shown in Table 6 . Genotype frequencies in this subpopulation (Glu12/12 36.8%, Glu12/9 37.9% and Glu9/9 20.7%) were in Hardy-Weinberg equilibrium and did not differ significantly from the genotype frequencies of the study population as a whole. There were significant differences (p=0.004) between genotypes with respect to AIR; subjects with the Glu12/12 genotype exhibited the highest and those with Glu9/9 genotype the lowest AIR values. Genotype differences were also significant (p=0.003) when beta cell function was assessed using the DI. Figure 2 shows the relationship between AIR and S I for each genotype group. An exponential relationship was seen between AIR and S I (r 2 =0.223, p=0.006) in subjects with Glu12/12 genotype. In Glu9 allele carriers, the exponential relationship was either not significant (r 2 =0.106, p=0.065 for Glu12/9) or absent (r 2 =0.010, p=0.704 for Glu9/9). 
Discussion
In the present study, we have shown that the 12Glu9 polymorphism in ADRA2B is associated with impaired beta cell function assessed as an acute AIR or DI in a group of Finnish subjects with impaired glucose tolerance. Interestingly, this genetic polymorphism may also predispose its carriers to Type 2 diabetes.
Both insulin resistance and beta cell dysfunction are important factors in the pathogenesis of Type 2 diabetes, and a feedback loop exists between insulin secretion by the beta cells and the insulin sensitivity of its target tissues [4] . The ability of beta cells to compensate for reduced insulin sensitivity is described by a hyperbolic relationship between insulin response and insulin sensitivity, which was first described by Bergman and co-workers in 1981 [28] . They suggested that the product of insulin sensitivity and insulin secretion is equal to a constant named the DI. Changes in insulin sensitivity are followed by alterations in insulin secretion by beta cells such that the DI remains constant in healthy individuals [4, 26] . In our study, both the AIR and the DI differed significantly between genotypes, being lowest in subjects with the Glu9/9 genotype, intermediate in subjects with the Glu12/9 genotype and highest in subjects with the Glu12/12 genotype. The genotype groups also showed differences in the exponential relationship between insulin response and insulin sensitivity. It should be noted that all of the subjects included in this study were glucose intolerant, and it might be presumed that the secretion capacity of the beta cells was already disturbed to some extent in all subjects. Nevertheless, a significant difference in beta cell function was seen between genotype groups, and the difference in secretory capacity was significant even when not adjusted for insulin sensitivity.
As insulin sensitivity decreases, the requirement for insulin secretion by the beta cells increases; thus, individuals with an impaired capacity to secrete insulin are predisposed to Type 2 diabetes [29] . The heritability of beta cell function, when assessed as DI, has been reported as 67% in a group of subjects who had either impaired or normal glucose tolerance, and 70% in subjects who had normal glucose tolerance [5] . In previous studies, a few genetic polymorphisms have been associated with impaired insulin secretion in humans, e.g. the Arg 64 variant of β3-AR [30] , the −866G/A polymorphism in the promoter region of UCP2 [31] and the Gly972>Arg variant of IRS-1 [32] . In the present study, the ADRA2B deletion/insertion polymorphism has, to our knowledge, been associated with impaired insulin secretion for the first time. The ADRA2B genotype frequencies in our study population did not differ significantly from those previously reported for diabetic and non-diabetic Finnish subjects [15] .
Blockage of α2-ARs has been shown to improve glucose-potentiated insulin secretion in Type 2 diabe-tes [33] , and results from studies on transgenic mice provide evidence that in vivo over-expression of α2-ARs in beta cells can lead to impaired insulin secretion and glucose intolerance [34] . A highly acidic stretch of 16 amino acids in the third intracellular loop of α2B-AR plays a critical role in short-term, agonistpromoted desensitisation, which results in uncoupling of the receptor-G-protein complex [35] . The common deletion/insertion polymorphism involving three glutamic acid residues in the third intracellular loop of the α2B-AR has been shown to influence receptor function by impairing agonist-promoted receptor phosphorylation and desensitisation [14] . Based on this observation, we postulate that impairment of α2B-AR desensitisation due to the 12Glu9 deletion/insertion polymorphism causes prolonged inhibition of insulin secretion from pancreatic beta cells. Through this mechanism the polymorphism may constitute one of the genetic components underlying insulin secretion, and could explain the genetic predisposition of certain individuals to Type 2 diabetes. Furthermore, a clear gene dosage effect was seen in our study: subjects possessing two alleles encoding the functional receptor produced a full insulin response, whereas subjects with the Glu12/9 genotype exhibited an intermediate glucose-stimulated insulin secretion.
Interestingly, in our study, significant interaction was seen between ADRA2B genotype and study group: the Glu9 allele was a significant predictor of Type 2 diabetes in the control group, but not in the group receiving intensive diet and exercise counselling. The major difference between the two study groups was that a significantly larger average weight loss was achieved by subjects in the intervention group compared with those in the control group. In the DPS study, long-term weight loss resulted in an improvement in insulin sensitivity [24] , which may decrease the need for the beta cells to secrete large amounts of insulin [4, 26] . Hence, we suggest that lifestyle intervention leading to weight loss may greatly benefit carriers of the Glu9 allele in the prevention of Type 2 diabetes. More importantly, significant interaction was also seen between ADRA2B genotype and waist circumference with respect to the incidence of diabetes. In the presence of abdominal obesity, the risk of Type 2 diabetes was increased by a factor of 3.8 in the Glu9/9 group and by a factor of 2.3 in the Glu12/9 group, compared with the Glu12/12 group. When subjects were stratified according to waist circumference, the Glu12/9 genotype was associated with a lower risk of Type 2 diabetes than the Glu12/12 genotype within the low-waist-circumference group. However, these results should be interpreted with caution due to the smaller group size and lower incidence of diabetes in the low-waist-circumference group. Considering that central obesity is a major risk factor for insulin resistance [2, 4] , and waist circumference is the best overall predictor of abdominal visceral fat mass [36], our results suggest that the compensatory mechanism of insulin secretion employed by beta cells, although impaired due to the Glu9 allele, may be sufficient to protect individuals against the development of Type 2 diabetes in the absence of central adiposity. It should be noted that, in addition to significantly larger weight loss, subjects in the intervention group also achieved a significantly larger reduction in waist circumference compared with subjects in the control group [20, 24] . Thus, improvements in insulin sensitivity associated with the reduction in waist circumference may have protected the Glu9 allele carriers in the intervention group against the development of Type 2 diabetes.
Limitations of the study. Because the FSIGT was only performed in one of the five study centres, the number of subjects used in analyses of AIR, S I , S G and DI is limited. However, baseline characteristics did not differ significantly between the Kuopio clinic subpopulation and the DPS study population as a whole [24] ; therefore, our results could be generalised. To further analyse the interaction between ADRA2B genotype and lifestyle factors, the entire study population was stratified according to study group or waist circumference. Although the group sizes were smaller, there was no apparent power problem in the testing of multiple hypotheses during subanalyses, given that they were both logical and relevant in a biological sense.
Several other gene polymorphisms have been tested using data from the DPS. Previously published positive associations between gene polymorphisms and the incidence of Type 2 diabetes in DPS include IL-6 (C-174G) and TNF-α (G-308A) [ . It is probable that several positive associations between candidate genes and Type 2 diabetes are to be found in this study population, because subjects represent individuals at high risk of developing Type 2 diabetes. It is likely that many of these genes have a weak-to-moderate impact on diabetes incidence.
In conclusion, our results suggest that insulin secretion in response to an i.v. glucose stimulus is impaired in the presence of the Glu9 allele in subjects with impaired glucose tolerance. Interestingly, our results also suggest that the Glu9 allele increases the risk of Type 2 diabetes, particularly in individuals with central obesity who are not subjected to a lifestyle intervention. Common polymorphisms in the genes regulating the early insulin signalling pathway: effects on weight change and the conversion from impaired glucose tolerance to Type 2 diabetes. The Finnish Diabetes Prevention Study. Diabetologia 47:871-877
